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Abstract. Using Hot Wire Chemical Vapor Deposition (HWCVD), also known as thermocatalytic
decomposition, heterogeneous silicon thin films can be obtained with awidely varying degree of order and
crystallinity. Specific parameter regimes have been identified which allow the deposition of films with a
structure ranging from purely amorphousto fully polycrystalline. In polycrystalline Si, all hydrogen appears
in isolated, compact monohydride bonds. A comparison of XTEM and Raman studies confirmed that the
2000 cmt infrared modeindeed originatesfrom acompletely crystalline region and that thereisno amorphous
tissue in these films. The 2000 cm'? vibration is due to Si-H bonds at completely coalescent crystal faces
(between adjacent crystals). In filmswith thistype of crystallinity, oxygen incorporation is greatly reduced,
both during growth and after completion. The heterogeneous growth has been utilized in two types of
devices, thin film transistors (TFTs) and thin film solar cells. TFTs have been made exhibiting excellent
stability. The field-effect channel of these transistors consists of amorphous silicon hosting nanocrystalline
domains which yields TFTs with a high mobility of 1.5 cm?V-!s?, virtually without the usual threshold
voltage instabilities. Solar cellswith an intrinsic poly-Si absorber layer have also been further optimized by
deliberately profiling the active layer. A stepwise profiling sequence has been developed, starting from
immediate-nucleation growth of small random crystallites to continued singly oriented growth of columnar
polycrystalline material at a deposition rate of 5 A/s. These n-i-p solar cells on stainless steel substrates
presently have 4.41 % conversion efficiency. The short circuit current density is as high as 19.95 mA/cm?

while the light absorbing i-layer is only 1.2 um thick and no enhanced back reflector is used.

1. INTRODUCTION

The method of catalytic decomposition (Catalytic
Chemical Vapor Deposition (Cat-CVD;[I])) of silane
or silane/hydrogen mixtures at aresistively heated fila-
ment (therefore also called Hot Wire Chemical Vapor
Deposition (HWCVD; [2])) is becoming increasingly
mature [3,4] and presently yields devices with state-
of-the-art properties. The silicon films have large po-
tentia inlow cost photovoltaic devices (solar cells) and
thin film transistors (TFTS).

Hot-Wire CVD was first introduced and patented
in 1979 as thermal CVD [5]. The technique was fur-
ther studied by Doyle et al [6] and Matsumura [7,8]
showing a high deposition rate as the prominent fea-
ture.

Renewed interest in the deposition method is due
to Mahan et al [2,9] who demonstrated for the first

time the possibility to produce device-quality a-Si:H
with ahydrogen concentration below 1 at. %. The prin-
ciple of the success of HWCVD in obtaining these ex-
ceptionally good films is that the feedstock gases are
very efficiently cracked into atomic radicals at the sur-
face of the hot filament (usually tungsten or tantalum)
if thisiskept at atemperature significantly higher than
1500 °C. The reactive species are transported to the
substrates in a low pressure ambient which enables a
high deposition rate without gas-phase particle forma-
tion. Typically high quality amorphous silicon films
can be deposited at a rate between 10 and 50 A/s and
micro- or polycrystalline silicon filmsat arate between
5and 10 A/s.

In this paper we will describe the structural and
optoel ectronic propertiesof silicon thin filmswith vary-
ing degree of order. It will be shown that even
amorphous-like films possess features that indicate
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order on ananoscale, whereas filmswith very compact
polycrystallinity can be deposited comprising pum-sized
grains in the growth direction.

2. EXPERIMENTAL DETAILS

2.1. Deposition equipment and process parameters.

The HWCV D chamber is connected to amultichamber
ultrahigh vacuum (UHV) system, called PASTA [10].
The chamber is equipped with a shutter which, when
inserted, shieldsthe substrate from any deposition dur-
ing prehesating.

The substrates can be heated to a maximum tem-
perature of 550 °C by heater elements outside the
vacuum in aheater well. The most frequently used tem-
peratures are in the 350 °C — 520 °C range. The wire
used as the hot filament is made of tungsten and has a
thickness of 0.5 mm. The wireis resistively heated by
adc current and its temperature is kept between 1750
°C and 1950 °C.

Typical deposition conditions are listed for
amorphousfilmsand two typesof polycrystallinefilms
in Table 1.

Amorphous silicon is typically obtained from pure
silane at low pressure, 0.01 — 0.02 mbar. We found
that the electronic properties could be improved by
moderate dilution with hydrogen (inaSiH /H, ratio of
2), leaving structural properties unaffected. Silicon
filmswith varying degree of microcrystallinity are ob-
tained at a higher pressure of 0.1 mbar. We distinguish
two main types of polycrystalline silicon thin films,
one with random oriented small grains (which will be
denoted as Poly1) and one with columnar, exclusively
(220) oriented grains (denoted as Poly2). Polyl-type
filmsare obtained from strongly H,-diluted silanewhich
yields early nucleation at a relatively low deposition
rate (=1 A/s). Polycrystalline films with a very strong
(220) orientation (Poly2-type) can be obtained either
from pure silane or from silane/hydrogen mixtures (at
amoderate SiH,/H, ratio down to 0.1), depending on
the temperature of the filament and the process pres-
sure. These polycrystalline films are most interesting,
asthey have an SiH stretching vibration mode only at
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2000 cm*. They can only be obtained in a carefully
controlled deposition regime, which is, obvioudy, de-
pendent on the geometry of the chamber and even on
the pumping system.

2.2 Materials Characterization

We employed awide scope of characterization methods
in order to achieve a comprehensive overview of the
film properties as a function of the critical deposition
parameters [3]. The electronic defect density was de-
termined from Electron Spin Resonance (ESR). The
spectrally resolved optical absorption was obtained from
reflection and transmission measurements. The hydro-
gen content and bonding structure was determined from
Fourier Transform InfraRed (FTIR) spectrocopy.

In the case of poly-Si:H, the orientation and size of
thecrystalliteswas detected by X-ray diffraction (XRD);
the crystalline volume fraction was derived from Raman
spectroscopy measurements. The distribution of grain
sizes and their structure was investigated by cross sec-
tional Transmission Electron Microscopy (TEM). A
detailed characterization of the impurity profiles, pri-
marily tungsten and oxygen, was performed by Sec-
ondary lon Mass Spectroscopy (SIMS) analysis.

2.3 Poly-Si thin films

Hydrogen at crystal boundaries.

Knowledge of hydrogen bonding and transport in the
polycrystalline network is essential for understanding
the microstructure and grain boundary properties.
Moreover, metastabilities (both light induced [11] as
well as thermal [12]) have been attributed to hydro-
gen. In amorphous silicon, the incorporated hydrogen
concentration, which depends on the growth tempera-
ture and the deposition process, determines the distri-
bution of hydrogen at various sites such asisolated sites,
voids or even bubbles[13]. At present, it is not known
whether a similar distribution can be expected in poly-
Si. Moreover, in poly-silicon, hydrogen is assumed to
be predominantly accommodated in the grain bound-
ary region rather than in the interior of the crystals
owing to thelow solubility limit of the crystallinel attice.
However, the interpretation of the hydrogen bonding

Table 1. Deposition conditions used for hot-wire deposition of amorphous and polycrystalline intrinsic silicon films.

Parameter a-Si:H poly-Si:H (Poly2)  poly-Si:H (Polyl)
Wire temperature (°C) 1900 1800 1800
Substrate temperature (°C) 430 510 510
SiH, flow (sccm) 60 10 1
H, flow (sccm) 30 100 100
Process pressure (mbar) 0.02 0.1 0.1
Deposition rate (A/s) 18 5.5 1
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Fig. 1. (a) Infrared absorption spectra and (b) Raman spectra
of poly-Si films Poly1 and Poly2.

configuration in poly-Si is still ambiguous. The mi-
croscopic structure of the grain boundaries is affected
by the long-range order that is imposed on it by the
adjacent crystallites.

The hydrogen bonding configuration in device-
quality poly-Si, as deposited by HWCVD, appears to
be signicantly different from that in micro- or poly-
crystalline films made by PECVD. The unique opto-
electronic properties[14] can be attributed to thisstruc-
ture. Most important is the observation of the stretch-
ing mode vibration at 2000 cmr in our HWCV D poly-
Si filmsmadein acontrolled regime, instead of at 2100
cm* commonly reported in the literature for microc-
rystalline films. By changing the hydrogen dilution in
the source gas mixture a range of Si-H stretching vi-
brations are obtained in HWCVD poly-Si films. For
films deposited with low hydrogen dilution (90 %),
Poly2, thevibrationisexclusively at 2000 cm?, whereas
for those made with high hydrogen dilution (99 %),
Polyl, it isexclusively at 2100 cm® [14]. Using other
deposition conditions [15], both 2000 cm® and 2100
cm® modes are observed. The 2100 cm? vibration is
attributed to hydrogen on the surfaces of crystalline
grains, commonly observed in the case of PECV D poly-
Si films[16]. However, the presence of the Si-H vibra-
tion exclusively at 2000 cm* in the Poly2 has not been

explained in the literature. The origin of this unique
hydrogen bonding configuration is addressed bel ow.
Poly-Si films were deposited from hydrogen dilu-
tion of silane gas by the HWCV D process. The process
pressure (p) is kept at an optimum value of 0.1 mbar.
Si-H vibration spectra are found to be sensitive to the
deposition conditions, namely hydrogen dilution and
wire temperature (T, ). In addition to the films listed
in Table 1, Poly2 films have been made at a range of
wire temperatures. Specifically, we distinguish here a
low T . type and a high T  type, respectively,
Poly2(LT) made at a T, of 1800 °C and Poly2(HT)
madeat T , _of 1900 °C. Inthe remainder of this paper
the Poly2(LT) films will be labeled for short as Poly2
since the low T, _is our standard condition. Fig. 1
showsthe IR spectraof two typesof films; Polyl, which
has vibration only at 2100 cmr? and Poly2, which has
vibration only at 2000 cm. Fig. 2 shows the Raman
spectra of the same poly-Si films when the probe laser
light is incident from the top side of the film. Here,
also Polyl shows the vibration peak at 2100 cm® and
Poly?2 shows the peak at 2000 cm™. It should be noted
that IR transmission probes the property of the whole
bulk, whereas Raman spectroscopy probes only athin
layer (penetration depth of the 5145 A laser line is
=100 nm in poly-Si). The vibration peaks from Raman
and IR are similar for Polyl and Poly2 respectively,
suggesting that the structure is homogeneous for both
types of films. However, for Polyl there is a micro-
scopic difference, i.e., the IR peak isadoublet whereas
the Raman peak is a single line. In Fig. 2a, the IR
spectrum of Poly2(HT) has peaks both at 2000 cm?
and 2100 cm® (doublet). The surprising result is that
for Poly2(HT), the Raman spectrum (Fig. 2b) does not
detect any vibration at 2100 cn! asobserved in IR. In
fact, the Raman peak is very similar to that in Poly2,
suggesting that the top layer of Poly2(HT) and Poly2
grow in the same way. As the TO pesk in the Raman
spectrum of both Poly2 and Poly2(HT) shows
completely crystalline character (520 cn?) without any
amorphous contribution, we attribute the 2000 cm?
peak to Si-H bonds in a completely crystalline region.
An important observation is that a layer made at
Poly2 condition but with alarge air leak in the deposi-
tion chamber (high oxygen ambient) shows negligible
oxygenincorporation. This confirmsthat the Poly2 type
of materia structure inhibits oxygen incorporation at
al circumstances (both during deposition as well as
post deposition). The difference in oxygen penetration
between Polyl and Poly2 type of filmsis due to the
difference in the structure of these films. It is surpris-
ing that the sample Poly2(HT), which has a large
concentration of grain boundary defects, (Si-H bonds
at grain boundaries, 2100 cm* mode of vibration) also
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Fig. 2. (a) Infrared spectra and (b) Raman spectra of
Poly2(HT ) films.

shows very little oxygen incorporation. This confirms
that the top region of the layers Poly2 and Poly2(HT)
have structures of similar compactness. The grain
boundary defects buried below this compact layer are
isolated from ambient moisture and are unable to pick
up the oxygen. The thermal annealing characteristics
of Poly2(HT) and Poly2 are similar. They show no
change of electrical conductivity upon exposure to air,
unlike the Poly1 film, which showed a metastable in-
crease in conductivity (when exposed to air) that is
reversible with annealing.

The interpretation of the splitting of the 2100 cn®
peak (doublet) (see Fig. 2a) isstill controversial; many
configurations have been proposed such as (1) Si-H
bonds on different grain surfaces, i.e., (111) and (100)
[15-18], (2) different bonding configurations
(monohydride S-H or poly-hydride Si-H, ) [16], (3) op-
tically anisotropic Si-H monolayers residing on grain
boundaries [19]. For this Polyl film the microscopic
difference between IR (splitted) and Raman (single)
peaks suggest microscopic changes in the structure
during growth, i.e., changes in the hydrogen bonding
configuration and grain boundary surfaces or change
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from “void like (isolated voids, splitted peak)” to “ par-
ticlelike (interconnected voids, single peak)” [19] with
increasing thickness. On the other hand, in the
Poly2(HT) films, the Si-H bonds on the crystal cone
surface is at the interface with an amorphous silicon
phase. The fact that the IR spectrum of these bondsis
also at 2100 cm'* (doublet) suggests that the flexibility
of the amorphous network allows the Si-H bond to
retain its configuration as in case of Si-H bonds on an
open grain surface (asin contact with voidsin Poly1).
However, when the crystal cones coa esce with each
other, the Si-H bonds no longer retain the configuration
of the open surface, rather are constrained by the sym-
metry of the adjoining crystal columns. This explains
the existence of both the frequenciesin IR spectrum of
Poly2(HT). The Raman spectrum essentially detectsthis
Si-H bond in the top region at 2000 cm™. For the low
T, film, the Si-H bonds are between closely packed
crystal columns throughout the thickness of the films
dueto which al the Si-H bonds have vibration at 2000
cm?, which explains why, for Poly2, IR (bulk) and
Raman (top region) have similar stretching mode
characteristics. We attribute the Si-H vibration at 2000
cm® in our HWCVD poly-Si films to the hydrogen at
compact sites which, in addition to the XTEM in
defocused conditions, is also confirmed by hydrogen
effusion and deuterium diffusion experiments[20]. The
matrix between the crystal columns is a strained net-
work constrained by the lattice orientations of the ad-
joining columns. This strained thin grain boundary
region mimics an amorphous network and the Si-H
bond inside this compact region resembles the Si-H
bond at compact site of a-Si:H. Hydrogen evolution
experiments give evidencein support of this structure.
The hydrogen evolution for Poly2(HT) shows asingle
peak at 650 °C even though it has IR vibration peak at
2100 cm't. Thereare no low temperature effusion peaks
(due to effusion at inter-connected voids) which are
typically observed in microcrystalline films as for ex-
ample Polyl. We infer that the hydrogen effusion
through the voids or grain boundaries (2100 cm? vi-
bration) is limited by the hydrogen diffusion at the
compact sitesin the top layer.

Oxygen incorporation.

Oxygen contamination of deposited poly-Si films is
frequently observed and highly undesirable since oxy-
gen is an n-type dopant and leads to traps that reduce
the carrier lifetime. Even if the films are deposited in
an ultraclean UHV system, in some occasions oxygen
can still be present throughout the film. Thisisaresult
of post oxidation, which occurs when the film has a
porous nature, i.e. if voids form an interconnected sub-
structure through which water vapor can penetrate.
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Films made at a high hydrogen dilution of 99 %
(Poly1) have poor electronic propertiesand ahigh ESR
defect density of 2.9-10' cm. The high defect density
is due to the interconnected void structure, leading to
adsorption of moisture from air. Indeed, the oxygen
homogeneously penetrates the film to alevel of 2-10*
cmr® (measured by SIMS) within a few days of expo-
sure to air, and the ratio of hydrogen to oxygen in the
filmintheendisinfact 2:1 (asin H,0). The oxygenis
also clearly detected in IR spectra by means of the Si-
O band at 1050 cm* (see Fig. 3). However, an advan-
tage of these films is that they show very good initial
nucleation of crystals.

On the other hand, films made at a low hydrogen
dilution of 90 % (Poly2) have alow ESR defect den-
sity of 7.8:10° cm=. Thisiscorrelated withalow SIMS
oxygen concentration of 5-10® cm, a bulk value that
is comparable to the oxygen content in ¢-Si as grown
by the Czochralski technique and also to that of apure
microcrystalline film deposited by VHF CVD at low
deposition rate using an additional gas purifier [21].
Therefore, in Poly2 material, also no IR signal due to
Si-O bonds can be found. Furthermore, asis shown in
Fig. 3, aso stepwise deposited films (Poly2 on top of
Poly1) do not show any Si-O band, demonstrating that
Poly2 is an effective capping layer that protects a po-
rous layer from post oxidation. The effectiveness in
shielding from water vapor is due to the compact na-
ture of the Poly2 material. This compact natureis aso
characterized by the stretching mode vibration of the
monochydride Si-H bonds, which appears at 2000 cm?,
rather than 2100 cm?, and the fact that hydrogen evo-
lution only takes place at high temperature (= 600 °C).
Thisisfurther elucidated in aforthcoming publication
[22].

Poly2 consists of closely connected columnar grains
with (220) orientations. However, usualy the deposi-
tion conditions for Poly2 material include an initial
“incubations’-type growth of amorphous tissue over
about 50 nm [23]. Thus, such a profiled Polyl / Poly2
structure combines the fast nucleation of Polyl with
the effective capping property and resistance against
oxidation of Poly2, such that the whole structure is
without amorphous tissue and has very low levels of
oxygen.

A cross sectional transmission electron microscope
(XTEM) image of atypical profiled layer is shown in
Fig. 4. In this micrograph the objective lens was delib-
erately used in an underfocused position, in order to
highlight the void structure. More detailed information
isin print in [24]. The Polyl part of the film contains
elongated, interconnected voids, whereas the Poly2
section possesses a much lower void fraction, while
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the voids are al isolated, thus preventing any oxida-
tion at the grain boundaries.

3. APPLICATION OF HW-DEPOSITED
SILICON IN DEVICES

3.1. Thin Film Transistors

The application of Hot-Wire deposited silicon in de-
vices is rather new. For instance, only a few papers
[25-27] report on the successful incorporation of this
material as the active layer in thin film transistors
(TFTs).

We fabricated inverted-staggered TFTsincorporat-
ing HWCVD a-Si:H and poly-Si:H layers. The basic
substrates used were 0.010-0.018 Qcm n-type or p-type
<100> singlecrystal silicon wafersthat werethermally
oxidized. This oxide serves as the gate insulator.
Recently, also PECVD silicon nitride (a-SIN ) was used
as the gate insulator, thus showing that Hot Wire de-
posited layers can be compatible with plasma-depos-
ited layers and that it is feasible to produce TFTs in-
corporating Hot-Wire deposited material also on glass
substrates, leading to practical applications.

When TFTs were fabricated on c-Si wafers, the
oxide at the back side was stripped off. The thickness
of the gate insulator amounted to 160-200 nm.

For TFTs made on silicon nitride, the SIN_was
made in a chamber of the ASTER multichamber sys-
tem from ammonia and silane at a gas flow ratio of
NH_/SiH,=30, at a substrate temperature of 400 °C, an



Fig. 4. Cross section micrograph of a Poly2-type layer

deposited on top of a Poly1-type layer.

excitation frequency of 50 MHz, a discharge power
density of 225 mW/cm?, and a pressure of 30 Pa.

The TFTswere analyzed in the dark under ambient
conditions with a Hewlett Packard 4156A Parameter
Anayzer and a Keithley 283 High-Current Source-
Measure Unit. All transfer characteristics were
measured with the gate voltage V, ramped from -5V
to +20 V and with alow source-drain voltage V= 0.2
- 0.5V at al times. The mobility p__ and the threshold
voltage V, were determined from the current-voltage
characteristics in the linear regime, i.e., at low V..

HW deposited a-Si:H TFTs.

In Fig. 5 we plotted the transfer characteristics of the
a-Si:H TFTs. Samples A and B are TFTs comprising
HW-deposited a-Si:H layers on SiN, and SiO,,
respectively, and sample C is a reference all-PECVD
TFT with SIN, as the gate insulator. They all show
ON-OFF switching ratios higher than 10°. The field-
effect mobilities in the linear regime are 0.74 cm?V/-1s?
and 0.66 cm?V-!s? for the two HW TFTs A and B,
respectively, comparable to the mohility of 0.89 cm?V/-1s?
for the reference TFT. It should be noted that the
reference TFT did not have to be exposed to air (made
in a single multichamber system), which may be the
reason for the better mobility. Asiscommonly observed,
the threshold voltage for “oxide”-TFTs is higher than
for “nitride’-TFTs.

HW deposited poly-Si:H TFTs

For applications of TFTs other than as pixel switching
elements in active matrixes, eg. in driver circuitry, it
is desirable to have stable characteristics and a carrier
mobility that is 1-2 orders of magnitude higher. Poly-
Si TFTs can be used to meet these requirements. How-
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ever, in many cases the high defect density at the grain
boundaries and the sensitivity of the Fermi-level posi-
tion to oxygen contamination by inter-grain diffusion
form serious bottlenecks. In high temperature deposi-
tion processes, a large grain size is necessary in order
to minimize adverse grain boundary defects. In
HWCVD, however, due to the lower processing tem-
perature, the grain boundaries remain passivated dur-
ing deposition, which eliminatesthe need for post-depo-
sition hydrogen passivation treatments.

The transfer characteristics of three different TFTs
are shown in Fig. 7. All three were deposited on ther-
mally grown silicon oxide. The continuous curves are
the initial characteristics and the dashed curves are
those taken after 23 hours of gate voltage stressing.
The top graph is for atypical TFT with a PECVD a-
Si:H layer (deposition rate 1.5 A/s), The middle graph
isfor aTFT that has an HW-deposited a-Si:H channel
layer made from pure SiH, at adeposition rate of 17 A/
s. The bottom graph isfor a TFT that has an heteroge-
neous HW-deposited channel region (deposited under
Poly2-type conditions, though at slightly higher wire
temperature). This resulted in a nucleation layer
containing cone shaped crystals, some of which start
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directly at the insulator interface, leading to a field-
effect mobility of 1.1 cm?V-'s™. For a sample made at
Poly2 conditions (not shown), the usual amorphous
incubation layer was present, after which fully
coalescent poly-Si growth occurs. The deposition rate
of this layer is till high, 8-9 A/s. Although for these
conditionsthefiel d-effect channel islocated completely
within the incubation layer, the mobility is the highest
for this TFT, at 1.5 cm?V-'s[28]. Thisis attributed to
the presence of nanocrystalline domains within the
largely amorphous matrix of theincubation layer. These
domains are only visible in high resolution TEM
(HRTEM). Further evidence of the heterogeneous na-
ture of this silicon film is the fact that the electrical
characteristics show an inverse Meyer-Neldel
relationship [29].

Fig. 7 also shows the transfer characteristics taken
after 23 hours of gate voltage stressing at 1.2 MV/cm.
Itisclearly seenthat, whereasthereference TFT shows
a considerable threshold voltage shift (AV, = 6.2 V),
the two HWCVD devices are much more stable. The
TFT with the amorphous channel displays a shift of
only 0.9 V, whereas the TFT with the heterogeneous
channel shows virtually no shift (0.2 = 0.2 V).

4. SOLAR CELLS

4.1 HW deposited a-Si:H n-i-p cells

In order to investigate the suitability of Hot-Wire de-
posited intrinsic amorphous silicon as well as poly-
crystalline silicon for application in a solar cell these
layers were incorporated as the i-layer in n-i-p struc-
tures. Stainless steel served simultaneously as the sub-
strate and as the back metal electrode. First, a ther-
mally stable n-typelayer wasdeposited by PECVD [30].
Then theintrinsic HW a-Si:H or poly-Si:H was depos-
ited, followed by awide bandgap buffer layer (2.5 nm
thick) and a microcrystalline p-type layer. The latter
two were again deposited by PECVD. The purpose of
the buffer layer between the HW i-layer and the pic-
Si:H p-layer is to prevent back diffusion of electrons
generated inthefront region. A transparent top window
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Fig. 7. Linear regime transfer characteristics of poly-Si TFTs
with a a-Si:H TFTs. All TF'Ts have HW -deposited active

layers. The dashed curves are the characteristics after 23 hours
of continuous gate-voltage stress at 1.2 MV /cm.

contact was made by reactive evaporation of indium
tin oxide (ITO), and had an optical transmission of 90
% and a sheet resistance of 100 Q/cm. No grid contact
was used and the size of the cell was0.16 cn?. It should
be noted that the efficiency of 5.5 % has been achieved
without light-trapping or back-reflection enhancement.
4.2 HW deposited poly-Si:H n-i-p cells

In order to test the performance of intrinsic HW-de-
posited poly-Si layers as the active material in a solar
cell, devices were made on an heavily doped n-type c-
Si wafer, which acts as a substrate aswell asthe n-type
region. Closer to practical applications, cellswere also
made on stainless steel (SS) substrates in the
configuration SS/n pc-Si:H (PECVD)/poly-Si:H
(HWCVD)/puc-Si:H (PECVD)/ITO. Then- and p-type
layers were made by PECVD. The cell structures are
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Fig. 8. Cross section view of a test cell on c-Si substrate.

shown in Figs. 8 and 9, respectively. Representative
cell characteristics are shown in Fig. 10.

On c-Si, due to the crystalinity of the substrate,
Poly2 conditions lead to immediate nucleation along
with typical columnar orientation throughout the bulk.
Cells made in this configuration show good
characteristics. An unoptimized cell readily shows an
efficiency of 3.15 % (Fig. 10a).

When the same Poly2 conditions are used in the
cell configuration using stainless steel with a thin n-
type pc-Si:H asthe substrateinstead of an n-type wafer,
the cell reaches an efficiency of only 0.64 %, primarily
due to a very high series resistance (Fig. 10b). Appar-
ently, layersthat are entirely made in the Poly2 regime
can not be used on these substrates, as they have too
long an incubation phase. The incubation phase exists
becausethe n-type PECV D microcrystalline layer typi-
cally has only a small crystalline volume fraction.
Therefore, we used a poly-Si:H layer made by
implementation of aprofiled deposition scheme, asdis-
cussed in section 2.3.1. The initial layer is made at
high hydrogen dilution on top of which the Poly2 is
grown. In this manner, the incubation layer is avoided.
Upon implementation of theinterface profiled layer the
cell efficiency immediately went to 3.7 % (Fig. 10c).

Upon further optimization, the efficiency could be
increased to 4.41 %. No post-deposition hydrogen pas-
sivation treatments have been employed. The deposi-
tion rate is 5-6 A/s for the bulk of the intrinsic layer.
Fig. 11 shows the cell characteristics. A remarkably
high active-area short circuit current density of almost
20 mA/cm? (measured with the mask) was achieved
for the cell with an active semiconductor film that is
only 1.22 pm thick. This value has been verified by
convolution of spectral response measurements with
the solar irradiation spectrum. In Fig. 12 we show the
external collection efficiency of the same cell and of a
similar thin film poly-Si cell, which was made thicker.
The integrated current density for the 1.22 um thick
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Fig. 9. Cross section view of a test cell on stainless stell
substrate.

cell was 19.36 mA/cm?, measured under short circuit
conditions. This value is within 3 % of the current
measured using a solar simulator and thus confirms
the current capability of thistype of cell. The externa
collection efficiency of the thicker cell (1.63 pum) in
thisfigure showsthe potential for obtaining even higher
J_. The high current generating capability is possible
due to the natively textured surface (as observed aso
in Atomic Force Microscopy), and the high absorption
within the film due to internal scattering [31].

Itisnoted that the V__israther low for this cell. We
believe that this is due to recombination, in particular
at the n/i interface region of the cell. The main indica
tionfor thisisthat theV_ismuch higher when aheavily
doped n-type c-Si wafer is used as a substrate, serving
asthe n-layer of the cell (Fig. 8). TheV_ inthat caseis
0.454 V rather than 0.365 V asis presently the case. A
higher V__ is obtained for the cell with the n-layer
consisting of a single-crystal wafer, because this cell
does not necessitate a profiled seed layer for polycrys-
talline growth.

The present result comparesfavorably with recently
published results on microcrystalline n-i-p cells with
efficienciesover 5% obtained using PECV D, especialy
considering that (i) our cells do not benefit from much
back reflection, asthey are made on plain stainless steel
serving as the back contact and as they possess an n-
layer that is made rather thick to avoid metal diffusion
into thei-layer, and (ii) the deposition rateis 5 - 6 A/s.
The Kaneka group [32] obtained an even higher effi-
ciency of 10.1 % for a cell of 2 um thickness with a
sophisticated back reflector. The deposition rate for
these layers has not been published.

5. CONCLUSION

We have demonstrated the potential of the HWCVD
technology to produce cheap, thin, and stable thin film
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Fig. 10. ]J-V characteristics taken under 100 mW /cm?
AM1.5 illumination of three cells. Graph a) is for a cell in a
configuration as in Fig. 8; graph b) is for a cell in a configuration
as in Fig. 9; graph c) is for a cell in the same configuration,

howerver with a profiled poly-Si:H (Polyl /Poly2) i-layer.

silicon solar cells and thin film transistors on foreign
substrates.

The thin film transistors, with the active layer de-
posited either in an amorphous regime or in a poly-Si
regime, show remarkable stability. The highest field-
effect mobility (of 1.5 cm?V-is?) in an inverted stag-
gered configuration is obtained in a channdl, that isin
fact an incubation layer made at low hydrogen dilution
(Poly2 conditions). Hot Wire deposited layers can be
compatible with plasma-deposited layers as has been
demonstrated by the application of PECVD silicon ni-
tride (a-SiN ) as the gate insulator. Thusit is feasible
to produce TFTs incorporating Hot-Wire deposited
material also on glass substrates, which is important
for practical applications.

The thin film n-i-p amorphous silicon solar cells
an plain stainless steel show an efficiency of 5.5 %.
Then-i-p polycrystallinesilicon cellsshow aremarkable
performance with an active-area efficiency of 4.41 %
for a thin cell of only 1.22 um thickness. Summariz-
ing, it has been shown that HWCV D is a suitable depo-
sition technique for preparing various devices with a
performance that can be superior to devices made with
conventional PECVD.

Cell |area: 046 cm®
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FF=0607
Eff=uud %

_,10 -

Current Density (mA/cm®)

_20 R

1 [ 1 1

L 1 I
-04 00 04 02 03 o4

A

Voltage (V)

Fig. 11. J-V characteristics under 100 mW /cm? AM1.5
global illumination of n-i-p cell with Hot Wire CVD poly-
Si:H i-layer.
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